The effect of phenylephrine-induced hyper tension on CBF was investigated after 120 min of middle cerebral artery occlusion in rats. Blood pressure was ma nipulated by one of the following schedules during a 90min period of reperfusion: 90/NORM, 90 min of nor motensive reperfusion; 90/HTN, 90 min of hypertensive reperfusion (MABP increased by 30 mm Hg); or 15/HTN, the 90-min period of reperfusion was divided into 30 min of normotension, followed by 15 min of hypertension and 45 min of normotension. At the end of reperfusion, 100 I-LCi kg-I of [14C]iodoantipyrine was given and an auto radiographic analysis of CBF performed. In the coronal Abbreviations used: 15/HTN, 90-min period of reperfusion divided into 30 min of normotension, then 15 min of hypertension and 45 min of normotension; 90/HTN, 90 min of hypertensive reperfusion; MCAO, middle cerebral artery occlusion; 901 NORM, 90 min of normotensive reperfusion.
When employed during focal cerebral ischemia, induced hypertension augments CBF and decreases brain injury (Wise et aI., 1972; Aspey et aI., 1987; Drummond et aI., 1989; Cole et aI., 1990a) . Hyper tension is hypothesized to reduce focal cerebral ischemic injury by increasing intraluminal hydro static pressure, which acts to open collateral chan nels and improve perfusion to ischemic tissue (Drummond et aI., 1989; Cole et aI., 1990a) . If this hypothesis were absolutely applicable, during mid dle cerebral artery occlusion (MCAO), hyperten sion should only ameliorate the effects of MCAO on flow to the ischemic area; and accordingly, the cel lular consequences of sustained MCAO would be brain section at the center of middle cerebral artery dis tribution, the area (percentage of hemisphere, mean ± SD) with a CBF of 0-20 or 21-40 ml 100 g-I min -I was less (p < 0. 05) in the 15/HTN group (l ± 2 and 5 ±3%, respectively) versus the 90/HTN group (12 ± 4 and 10 ± 4%), which was in turn less than in the 90/NORM group (18 ± 5 and 22 ± 6%). These data are consistent with the hypothesis that during reperfusion a short interval of hy pertension effectively augments CBF via an abrupt open ing of collapsed vessels and that a more sustained interval of hypertension conveys no added benefit. Key Words: Focal cerebral ischemia-Hypertension-Reperfusion.
best diminished if hypertension were maintained throughout the ischemic period.
If MCAO is temporary and the vascular occlusion is released, postischemic hypoperfusion may occur (Levy et aI., 1979; Shigeno et aI., 1985) . The pre cipitating factors of postischemic hypoperfusion are distinct from those that cause ischemia during MCAO and include iscnemic metabolites from brain tissue (Miller et aI., 1980; Tegtmeier et aI., 1990) , leukocyte and platelet aggregation (Obrenovitch and Hallenbeck, 1985; Gr�gaard et aI., 1989; Vast hare et aI., 1990) , collapsed capillaries (Ennis et aI., 1990) , and microvascular compression by extracel lular edema (Chiang et aI., 1968; Little et aI., 1976; Schiirer et aI., 1990) . It is plausible that hyperten sion could reverse some of these processes and re duce postischemic hypoperfusion. Furthermore, in contradistinction to hypertension during MCAO, a short interval of hypertension might be as effective in reducing postischemic hypoperfusion as sus tained therapy. We evaluated the efficacy of phen ylephrine-induced hypertension, and its duration, on postischemic CBF in a rat model of temporary MCAO.
MATERIALS AND METHODS
The protocol was approved by the Animal Research Committee of Loma Linda University in accordance with National Institutes of Health standards for laboratory an imals (NIH pub. no. 85-23, 1985) . Male spontaneously hypertensive rats (350-400 g, 16-20 weeks old) were anes thetized (1.44% isoflurane), orotracheally intubated, and mechanically ventilated with a Harvard rodent respirator (Harvard, Boston, MA, U.S.A.). The femoral vessels were cannulated for continuous blood pressure monitor ing \Full Scale Transducer/TA 2000 Recorder; Gould, Cerntos, CA, U.S.A.) and drug, isotope, and mainte nance fluid (0.9% NaCI at 4 ml kg-I h -I) administration. At 30-min intervals, = 125 ILl of arterial blood was ana lyzed for pH, P aco2' P a02, glucose, and hematocrit (IL-1306 pH Blood Gas Analyzer, Instrumentation Labora tory, Lexington, MA, U.S.A., YSI model 23-A Glucose Analyzer, Yellow Springs Instruments, Yellow Springs, OH, U.S.A.; IEC MB Centrifuge Microhematocrit, DAMON/IEC Division, Needham Heights, MA, U.S.A.). Cranial temperature was servo-controlled at 37°C with a heating blanket. A left subtemporal craniec tomy was made, and MCAO was achieved in two loca tions with 10-0 monofilament nylon suture. The first lo cation was just proximal to the lenticulostriate branch and the second distal to the intersection of the middl� cerebral artery with the inferior cerebral vein. By this means, consistent ischemic injury has been achieved to both cortical and subcortical tissue (Cole et aI., 1990a,b) . During MCAO and reperfusion, the craniectomy site was bathed in mock CSF at 37°C. After 120 min of MCAO, the rats were randomly assigned one of the following treat ments, which was implemented during a 90-min period of reperfusion: 90/NORM (n = 9), blood pressure was not manipulated during reperfusion (normotensive); 90/HTN (n = 9), during the entire period of reperfusion, MABP was increased by 30 mm Hg with a phenylephrine infu sion (0.1 % phenylephrine diluted in 0.9% NaCl) (the vol ume of 0.9% NaCI that was infused as 0.1% phenyleph rine was deducted from the maintenance fluid allowance); 15/HTN (n = 9), the reperfusion period was divided into 30 min of normotension, followed by 15 min of phenyl ephrine-induced hypertension (MABP increased by 30 mm Hg) and 45 min of normotension.
At the end of reperfusion, 100 ILCi kg -1 of [14Cjiodoan tipyrine (New England Nuclear, Boston, MA, U.S.A.) was given at a constantly increasing rate over 46 s, during which 21 samples were collected. Arterial 14C activity was determined by a Beckman 8000 liquid scintillation spectrometer (Beckman, Brea, CA, U.S.A.) with a quench correction. At the end of 46 s, the brains were removed in <60 s and frozen in 2-methylbutane at -3SOC. The brains were cut in coronal sections (20 ILm) at 100-ILm intervals and placed on x-ray film (Kodak OM-1, Rochester, NY, U.S.A.) for 21 days. Five anatomically predetermined coronal brain sections were analyzed with a Drexel/DUMAS Image Analyzer for the area with a CBF of 0-20 or 21-40 ml 100 g -I min -I. Section I was at the anterior midline extent of the corpus callosum; Sec tion 5 was 1.0 mm posterior to the posterior midline ex tent of the corpus callosum; and Sections 2,3, and 4 were at 2.0-mm intervals between Sections 1 and 5 (see Fig. 1 ). The five sections correspond to plates 11, 18,24,31, and 38 in Maps and Guides to Microdissection of the Rat Brain (Palkovits and Brownstein, 1988) . CBF determina-
The five coronal brain sections, spanning the distri bution of the middle cerebral artery. See text for precise lo cation.
tions were made using a computer program based on the equation of Sakurada (Sakurada et aI., 1978; Cole et aI., 1989) . A tissue-blood partition coefficient of 0.80 was used, and each autoradiograph was calibrated to nine 14C standards (Amersham, Arlington Heights, IL, U.S.A.). If a discrete zone of hyperemia was present in Section 3, its area and the absolute CBF within this zone were determined. In Section 3, CBF in the hemisphere contra lateral to MCAO was also measured. All image analysis was performed by an independent observer who was blinded to study protocol.
Statistical analysis was performed using an analysis of variance, and as appropriate mean values were compared by t tests with a Bonferroni correction for multiple com parisons (Wilkinson, 1987) . A p value of <0.05 was con sidered significant.
RESULTS
All values are reported as means ± SO. With the exception of expected differences in MABP during reperfusion, there were no between-group differ ences in the physiologic data (see Table 1 ). The phenylephrine dose required to increase MABP by 30 mm Hg was 8 ± 4 and 13 ± 5 jJ.g kg -1 min -1 for the 15/HTN and 90/HTN groups, respectively (an average over either the 15-or the 90-min period of induced hypertension). In all five coronal brain sections, the area with a CBF of 0-20 ml 100 g -I min -I was less for the 15/HTN group versus the 90/NORM and 90/HTN groups (p < 0.05). In Sections 1-4, the area with a CBF of 0-20 ml 100 g -I min -I was less in the 901 HTN group versus the 90/NORM group (p < 0.05). For example, in Section 3 the area (percentage of the hemisphere ipsilateral to MCAO) with a CBF of 0-20 ml 100 g-I min -I was 1. 3 ± 2.2% in the lSI HTN group versus 18. 3 ± 4.6 and 11.7 ± 3.8% in the 90/NORM and 90/HTN groups, respectively (see Table 2 ). The area with a CBF of 21-40 m! 100 g -I min -I was less in the 15/HTN and 90/HTN groups versus the 90/NORM group (p < 0.05). With the exception of Section 3, there were no differ ences between the 15/HTN and 90/HTN groups (see Table 2 ). In Section 3, the area with a CBF of 21-40 ml 100 g-I min-I was less in the 15/HTN group versus the 90/HTN group (p < 0.05).
In seven of the animals in the 90/NORM group and eight in each of the hypertensive groups, there was an obvious and discrete area of hyperemia (see Fig. 2 ). This area of hyperemia and the absolute CBF within this area were not different between groups (see Table 3 ). In addition, there was no dif ference in CBF for the hemisphere contralateral to MCAO (90/NORM, 157 ± 22 ml 100 g-I min-I ; 90/HTN, 155 ± 28 ml l00 g-I min-I ; 15/HTN, 15 1 ± 25 ml 100 g -I min -I ).
DISCUSSION
The results of this study indicate that the employ ment of phenylephrine-induced hypertension during reperfusion, following MCAO, reduces the areas of hypoperfusion in rats. In addition, they also suggest that the degree of CBF augmentation is influenced by the duration of hypertension, as a short interval (15 min) of hypertension was more effective in re ducing postischemic h y poperfusion than sustained (90 min) hypertension. Section 5 20.1 ± 7.5 9. 5 ± 5.5a
Reported as a percentage of the hemisphere ipsilateral to MCAO (see Fig. 2 A critique of this study might question how the time sequence and duration of the 15-min interval of hypertension were derived. We hypothesized that some of the pathological causes of postischemic hy poperfusion might actually be reversed by hyper tension. An increase in flow by hypertension might "wash out" metabolites of ischemic brain tissue that act as vasoconstrictors (Miller et aI., 1980; Tegtmeier et aI., 1990) and minimize further epi sodes of ischemia. It is also plausible that induced hypertension could improve microvascular flow across a partial obstruction resulting from intravas cular leukocyte and platelet aggregates (Obreno vitch and Hallenbeck, 1985; Gr\1lgaard et aI., 1989; Vasthare et aI., 1990) ; and/or provide an intravas cular physical milieu (e.g., increase intraluminal hy drostatic pressure) that effects a reopening of col lapsed microvessels (Ennis et aI., 1990) . If this hy pothesis were correct and a short interval of induced hypertension effected an increase in CBF sufficient to interrupt the ischemic cascade with a reversal of some of the above etiological factors of postischemic hypoperfusion, a longer duration of hypertension might have no therapeutic benefit. In fact, hypertension may convey an additional risk of exacerbating vasogenic cerebral edema (Cole et aI., 1990c) , which could decrease CBF. Accordingly, a short interval of hypertension might be as effective as sustained hypertension in attenuating postisch emic hypoperfusion, while minimizing the risk of vasogenic edema (Kogure et aI., 1981; Bell et aI., 1985; Hatashita and Hoff, 1986) . However, further studies are necessary to delineate a potential dose response relationship between the duration of hy pertension and areas of postischemic hypoperfu sion. The choice of when to apply the 15-min interval of hypertension was based on a balance between avoiding the initial period of reperfusion when the blood-brain barrier is open and susceptible to va sogenic edema (Kuroiwa et aI., 1985 (Kuroiwa et aI., ,1988 Klatzo, 1987) and initiating therapy when it would be most efficacious (at the onset of delayed hypoperfusion). Immediately on reperfusion, following 120 min of temporary MCAO in rats, a reactive hyperemia oc curs with delayed hypoperfusion present at 120 min of recirculation (Shigeno et aI., 1985) . As neither the duration of hyperemia (the initial period of reperfusion when the blood-brain barrier is open) nor the precise onset and duration of delayed hy poperfusion have been delineated in rats, the time at which to apply the 15-min interval of hyperten sion was chosen to be the 30-to 45-min period of reperfusion, well before hypoperfusion has been documented in rats [120 min after recirculation (Shi geno et aI., 1985) ]. This decision was modified by data from our laboratory in a similar model of tem porary focal cerebral ischemia for rats, in which the blood-brain barrier was more permeable to serum proteins during the 0-to 30-min period of reperfu sion versus the 90-to l20-min period (Matsumura et aI., 1990) .
Of interest is the discrete area of hyperemia that was observed in most of the animals (see Fig. 2 ). This area corresponds to the core area of ischemia (Cole et aI., 1989 ) and brain injury (Cole et aI., 1990a,b) and the dense area of increased blood brain barrier permeability to serum proteins (Cole et aI., 1990c ) that has been observed in our labora tory. For the animals without a discrete area of hy peremia (two in the 90/NORM group and one each in the 15/HTN and 90/HTN groups), there were no major differences in CBF for the rest of the brain as compared with animals in the same group with an obvious area of hyperemia (i.e., they were not at either end of the data spread for the areas of hypo perfusion or contralateral hemisphere CBF). There fore, it does not appear that an absence of hyper emia in these animals was due to a failure to induce ischemia during MCAO. However, further study is needed to determine if an absence of hyperemia in these animals was due simply to the time course of hyperemia during reperfusion (e.g., the discrete area of hyperemia may have been present at an ear lier point in reperfusion) or some other factor. Al though there was one more animal with obvious hyperemia in each of the hypertensive groups than in the 90INORM group, this difference did not ap proach significance. A power analysis revealed that a prohibitive number of animals would be needed to demonstrate a difference if, indeed, it were real. Thus, it does not appear that phenylephrine induced hypertension conveys a risk of hyperemia in this model of temporary MCAO and reperfusion.
The extent of postischemic hypoperfusion may be of greater clinical importance with the evolution of thrombolytic therapy for stroke. To date there is evidence attesting to the efficacy of tissue plasmin ogen activator in ameliorating neurologic injury fol lowing focal cerebral ischemia (Del Zoppo, 1989) . However, there is also evidence to suggest that such therapy conveys a risk of vasogenic edema and hemorrhagic infarct (Koudstaal et aI., 1988; Del Zoppo, 1989) . If thrombolytic therapy proves effi cacious in the treatment of stroke, it may be com mon for the clinician to care for patients during the reperfusion period, at which time the brain is still susceptible to ischemic injury. If induced hyperten-J Cereb Blood Flow Metab, Vol. 12, No.1, 1992 sion proves to ameliorate postischemic hypoperfu sion and reduce brain injury, such therapy may have a role in these patients. However, a greater understanding of how to efficaciously, but safely, employ induced hypertension during reperfusion is necessary. In addition, an appreciation for how to treat the physiologic hypertensive response inher ent to patients with stroke is needed.
In summary, we evaluated the effect of two in tervals of phenylephrine-induced hypertension, as used during reperfusion following temporary MCAO, on areas of low CBF in rats. The results support the hypothesis that induced hypertension does reduce hypoperfusion following temporary fo cal cerebral ischemia, Moreover, they also support the notion that a short interval of hypertension is more effective than sustained hypertension in re ducing areas of hypoperfusion. It is plausible that sustained hypertension offers no added benefit to reducing postischemic hypoperfusion, while actu ally conveying a risk of reducing CBF by exacer bating vasogenic edema. However, further studies are necessary to determine whether the decrease in ischemia conveyed by induced hypertension is as sociated with an improvement in neuropathologic outcome.
